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ABSTRACT In this paper we present the preliminary findings from a world first investigation into monostatic frequency 
modulated continuous wave (FMCW) radar analysis of porous sandstones and their fluid content. FMCW results, within 24 
to 25.5 GHz, provide insights into the rock/pore system as well as into mineral and liquid distributions, both crucial for 
quantitative representation of the fluid-rock system for subsequent assessment of the sandstones. Sandstone samples, here 
characterised using known techniques of energy dispersive x-ray analysis (EDX), gaseous secondary electron (GSE) and 
backscattered electron (BSE) imaging are: Darney, Lazonby, Locharbriggs and Red St. Bees sandstones, with FMCW results 
showing that, in the K-Band, calculated values for relative permittivity, utilising free-space radiation reflection data, give 
results that are consistent with, and have the potential to predict, the known rock elemental constituents, where each 
sandstone has different distributions of the dominant quartz and subsidiary other minerals and of grain size and shape 
distributions. The experimental results support the sensitivity of this sensing modality to variances in rock properties in 
typical sandstones with complex relative permittivity, 𝜀𝑟
∗, values for room-dry sandstones ranging from 5.76 to 6.76 and from 
12.96 to 48.3 for partially saturated sandstones, with the highest values indicating high relative permittivity mineral inclusion 
and/or grain angularity. FMCW provides similar results, over slightly larger volumes, to those produced by the current 
resource-intensive methodologies, but much more easily and cheaply. 
 
INDEX TERMS Geologic Measurements, Microwave Propagation, Non-Destructive Testing, Permittivity, 
Radar Applications, Radar Measurements. 
I. INTRODUCTION 
Reservoir management is used throughout the life cycle of 
oil and gas fields and is integral to safe and efficient 
recovery and storage of resources. An essential tool of 
reservoir management is a mass–fluid flow simulation, 
within which different production scenarios can be trialled 
and their practical, economic and environmental 
consequences investigated. Such simulations are critically 
dependent on the arrangement and properties of the in situ 
geomaterials, their pore network connectivity, fluid content 
and the deformational responses of those materials to 
natural subsurface and operationally-induced conditions 
[1]. The same concepts apply to sites investigated for 
carbon capture and storage (CCS) suitability [2-4] and also 
provide a means of mitigating risk when sites are exposed 
to loading events [5]. The research within this paper is 
novel as FMCW for the detection of critical geomaterial 
properties represents a new microwave sensing modality 
with seminal results of monostatic testing presented and 
supported by extensive experimental analysis. The current 
role of microwave sensing in the oil and gas sector is 
focused on petroleum system seal integrity via permittivity 
measurement during airborne deployment, measurement of 
offshore oil spillage area via orbital remote sensing, and 
infrastructure health monitoring via embedded structural 
sensing [6-8]. Relative permittivity measurements obtained 
via microwave sensing form a key part of industrial 
hardware employed to interrogate the bore radius, however 
microwave sensing in this field has remained within a 
frequency spectrum from hundreds of megahertz to 1 GHz 
[9]. These applications of microwave sensing highlight the 
increasing usefulness of this sensing modality to the 
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hydrocarbon sector as a means of collecting key data, both 
for application to production management and to 
resource/asset modelling.  
  
Highly developed seismic acquisition and processing 
technology, together with wire-line sensors for use in the 
wellbore environment, are used to generate geomodels of 
the distribution of the different rock types in the subsurface 
and to estimate their petrophysical properties, occasionally 
achieving detailed predictions. The resolution of a seismic 
signal, a function of reflected acoustic waves due to 
changes in geomaterial acoustic impedance, is restricted to 
one quarter of the wavelength of the propagating wave, 
often equating to a minimum effective resolution scale in 
the order of tens of metres. However, data analysis and 
interpretation techniques employed by geoscientists and 
reservoir engineers can infer the presence of fine stratal 
units via the application of wavelet models [10]. These 
methods can be ambiguous and contain large uncertainties. 
However even the best seismic-based techniques are 
insufficient to provide data at the sub-millimetre scale, the 
scale required to resolve grain-pore structures, The purpose 
of the work reported here is to extend the range of real-time 
non-invasive and non-destructive tool types and 
measurement techniques down to the millimetre scale via 
the novel use of advanced radar electronics [11]. Advances 
in sensor performance at the millimeter to sub-millimetre 
scale represent a significant increase in geomaterial 
property quantification via an improved understanding of 
micro-interactions. At this preliminary stage, these 
techniques are envisaged for laboratory use where the 
sample is accessible.  
 
Section II provides background information into FMCW 
with section II/A outlining FMCW theory, section II/B will 
discuss the application of FMCW to dielectric media. 
Section III outlines work conducted by research groups 
using FMCW for a variety of applications; section III/A 
focusing on FMCW used for corrosion under insulation 
detection, section III/B reviews FMCW use for snow 
thickness studies and section III/C outlines previous work 
by the authors in the novel use of FMCW for the analysis of 
geomaterials. Section IV reviews the application of 
dielectric theory to geomaterials and resulting models with 
section IV/A/1 discussing parallel field models, section 
IV/A/2 discusses series field models and layering. Section 
IV/A/3 outlines the derivation and application of the 
complex refractive index method. Section V presents 
equipment and geomaterial characterisation, with section 
V/A outlining antenna characterisation work. Section V/B 
provides an analysis of geomaterial constituents and fabric. 
Section V/C outines the experimental setup and data 
acquisition procedure. Section VI presents the results 
acquired from this study, with section VI/A discussing the 
application of the layering models. Section VII outlines a 
discussion of the results. Section VIII concludes.  
II. RADAR AND DIELECTRIC THEORY  
A. FREQUENCY MODULATED CONTINUOUS WAVE 
GENERAL THEORY 
FMCW represents a continuous wave, instead of the more 
commonly used pulsed wave radar. Frequency modulation 
gives a frequency shift over time to create a saw-tooth or 
triangular frequency output. A difference in frequency 
between the transmitted and received signals is determined 
by mixing output and input waveforms to give a new, low 
frequency signal, which can be analysed to calculate the 
distance and velocity of an object. The difference in 
frequency observed between received and output signals is 
calculated and transmitted to a data logger as an 
Intermediate Frequency (IF) signal of frequency f [12]. An 
overview of the determination of the IF signal of frequency 
f is as follows:  
 
𝑓RFOUT = 𝑓RF0 + 𝑘f ∗ 𝑡, 𝑤ℎ𝑒𝑟𝑒 0 ≤ 𝑡 ≤ 𝑇                       (1) 
 
fRFO is the starting frequency, T is the frequency sweep and 
kf is the sweep rate. 
 
𝑘f =  
𝐵𝑊
𝑇
                                                                             (2) 
 
where BW is the frequency bandwidth for the sweep and 
with the two way time (TWT) of the emitted signal 
calculated as: 
 
∆𝑡 = 2
𝑑
𝑐
                                                                             (3) 
 
where d is the distance between the antenna and the 
reflecting target and c is the speed of light in the medium of 
propagation. Therefore, due to the observed delay in return 
signal, the return frequency compared to the emitted 
frequency will be: 
 
𝑓RF received = 𝑓RF0 + 𝑘f ∗ (𝑡 −  ∆𝑡), ∆𝑡 ≤ 𝑡 ≤ 𝑇 +  ∆𝑡       (4) 
 
The difference in frequency (f) between the emitted and 
received signal is therefore:  
 
∆𝑓 = 𝑘f ∗ (−∆𝑡)                                                                         (5) 
 
It is this difference in frequency that is output from the 
detector as data. The negative time of flight can be taken as 
a magnitude, allowing for the expression: 
 
∆𝑓 =  
𝐵𝑊
𝑇
∗ 2
𝑑
𝑐
                                                                            (6) 
 
Due to the relationship expressed in (6), the z-axis distance 
between the sensor and sandstone sample is kept constant at 
100 mm. Thereby, any signal variation can be attributed to 
rock properties and an ideal reflector can be used to provide 
a theoretical maximum return signal. The properties of the 
material that influence the signal parameters are outlined in 
section II/B. 
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B. DIELECTRIC THEORY AND APPLICATION OF 
FREQUENCY MODULATED CONTINUOUS WAVE 
RADAR TO DIELECTRIC MEDIA 
In this section we examine the primary return signal 
parameters. K-band analysis over a continuous sweep in 
frequency offers key advantages over a pulsed, single 
frequency method. These advantages are: improved signal 
to noise characteristics due to a broader frequency range, a 
lower intermediate frequency (IF) and relative immunity to 
harsh ambient conditions. 
 
Dielectric relaxation processes govern wave attenuation and 
dispersion within dielectric materials, as defined by the 
complex relative permittivity, 𝜀𝑟
∗. These relaxation 
processes are influenced by the frequency of the incident 
radiation, where constituent materials throughout the 
component scale range dampen localised oscillations. The 
multiple relaxation modes acting simultaneously within an 
irradiated material generate significant non-linearity and 
can complicate data analysis. However, the information 
provided by this complex return signal allow for feature 
extractions indicative of the dielectric material properties, 
inferring a relationship to structural and compositional 
features of the material; thus FMCW analysis should also 
be sensitive to the grain/pore size and composition. In 
sandstones, the relative permittivity is affected by many 
factors, including; pore fluid types and phase, value of 
porosity, abundance of high-permittivity mineral inclusions 
and grain-long axis orientation, all defined by dielectric 
relaxation [13]. Previous experimentation conducted by the 
authors focused on the use of X and K-band FMCW to 
generate a signal response specific to the presence of water 
or oil within a geomaterial [14-16]. It is well documented 
that K-band radiation undergoes significant attenuation due 
to heavy absorption at these frequencies, specifically 
centred around 22.5 GHz, due to the radiation absorption by 
water. This effect has led to the partitioning of the K-band 
into the Ku and Ka bands (12-18 GHz and 26.5–40 GHz 
respectively).  
 
Equation (7) represents the complex component form of 𝜀𝑟
∗, 
the relative electrical permittivity of a particular medium. 
’,  represents the observed and real relative permittivity of 
the material. The imaginary component, j”, denotes the 
"loss factor" of the material and therefore represents the 
dispersion of incident radiation due to conduction and 
relaxation of atomic constituents. 
 
𝜀𝑟
∗ =  𝜀′ +  𝑗𝜀"                                                                   (7) 
 
In many theoretical instances, the imaginary component of 
this relationship is ignored, as materials used for dielectric 
media tend to be poor conductors. However, applications 
within geomaterial samples could be contrary to this 
assumption, as most radar applications are unable to be 
reduced into a generic form, especially in the presence of 
multimodal radar instruments [17], and with many 
constituent parts of a rock matrix and void spaces offering 
appreciable conduction, for example, the presence of 
brines, water and mineral inclusions [18]. Nevertheless, for 
simplicity, this model operates under the assumption that 
the component of dielectric loss; the imaginary term, j”, in 
(7) is much smaller than the real component, representing 
the reflection data.  
 
In principle, detailed knowledge of rock characteristics 
would lead to the ability to model the response, which 
could be compared against future measurements. Within 
section III we introduce previous work, forming a brief 
literature survey of microwave FMCW use in fields 
analogous to the intended application of this work and the 
properties of geomaterials. 
III. PREVIOUS WORK 
Microwaves within the K-band represent a non-destructive 
and non-contact means of analysis, with the potential to 
reveal intrinsic properties of the rock target. FMCW 
technology has seen wide application within the industrial 
and automotive sectors for distance and velocity sensing 
[19, 20]. Millimetre FMCW radar has been successfully 
applied in defence roles, such as concealed weapon and 
explosive detection, surveillance and perimeter security and 
roadside device detection [11]. FMCW radar has also seen 
use in medical imaging and research, with a proven 
capability to detect displacement at the m level for 
respiration and heartbeat monitoring [21-23]. However, the 
key research elements undertaken to date that are of most 
relevance to this study are as follows: 
A. CORROSION UNDER INSULATION  
Corrosion under insulation is an inherent issue with the use 
of steel core pipelines in downstream oil and gas 
production, leading to the eventual failure of high value 
infrastructure assets, if left unchecked. Work to date 
focuses on the use of the pipeline cladding assembly acting 
as a coaxial waveguide to influence and direct the 
propagation of microwave radiation. The pipeline acts as an 
inner conductor and the cladding acts as an outer conductor, 
with the thermal insulation between these two conductors 
acting as a dielectric medium. Working on the principle that 
water ingress into the pipeline cladding induces a large 
change in dielectric impedance, a propagating wave will be 
affected/reflected by this region of high relative 
permittivity, due to the high real component of the relative 
permittivity of water in the K-band microwave range. This 
“blockage” of the waveguide acts as an indicator that water 
ingress has occurred, posing a threat to the integrity of the 
pipeline asset via oxidation, and analysis of the reflected 
wave further indicates the distance travelled by the 
propagating wave, via the application of a fast Fourier 
transform to the time domain signal data, allowing for the 
rapid and accurate location of the cladding failure [24-26]. 
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B. FREQUENCY MODULATED CONTINUOUS WAVE 
RADAR FOR SNOW THICKNESS STUDIES 
Investigations into the application of K-band FMCW as a 
tool for research into snow and ice properties have provided 
data relating to layering, density, water equivalence, total 
snow height and moisture content [27-36]. A summary of 
key publications in FMCW snow research is given in Table 
1. However there has been little or no research into the 
application of this technology to rocks and the authors 
believe that the results reported in this paper represent the 
potential for a new instrument for dynamic and quasi-static 
rock analysis and a first for FMCW radar electronics in this 
role. These multi-disciplinary applications indicate that 
there is potential for FMCW radar to return significant 
information about the constituent materials and their 
arrangement within a rock sample. This applies to distinct 
grains, to cement and to the fluids (gas and liquid) within 
the pore space network, via analysis of the dielectric 
response to incident microwave radiation, delivering a step-
change in rock characterisation.  
 
C. ANALYSIS OF GEOMATERIALS USING FREQUENCY 
MODULATED CONTINUOUS WAVE RADAR 
An assessment of FMCW signal return in the K-band was 
conducted on eight rock samples in [14] and [16] with the 
results indicating clear differences in relative permittivities 
between these materials. Previous work by the first author 
has resulted in the following, key observations:  
 
 Qualitatively, we can distinguish between different 
sandstone samples in an ambient laboratory 
environment (herein referred to as “room-dry”), 
where the observed signal reflection amplitudes 
extracted via Fourier transforms, where water 
content represents both laboratory air moisture 
content and partially water-saturated sandstones  
 It is possible to discern room-dry and partially 
kerosene-saturated sandstone samples 
 It is possible to distinguish between partially 
water-saturated and partially kerosene-saturated 
sandstone samples 
 Mineralogy plays a major role in return signal 
quality  
 Degree of grain shape and orientation anisotropy 
and heterogeneity play a major role in return signal 
quality 
 
Informed by this work, the research direction was adapted 
to evaluate two sandstones of approximately homogeneous 
bulk mineralogy and two sandstones with observed material 
heterogeneity and anisotropy.  
 
 
 
 
TABLE 1 SUMMARY OF PREVIOUS SNOW RESEARCH BY RADAR PARAMETERS 
AND MEASURANDS 
Lead Author 
Galin 
 [31, 32] 
Yan 
[33] 
Ayhan 
[34] 
Kwok 
[35] 
Panzer 
[36] 
Year 2008, 2012 2017 2017 2011 2013 
Frequency 
(GHz) 
2 to 8 2 to 18 80 2 to 8 2 to 8 
Band(s) S, C S, C, X 
and Ku 
W S, C 
Deployment Airborne Ground Airborne 
Measurand Thickness Snow 
strati-
graphy 
Thickness 
Resolution 37.5 mm 14 mm 15 mm 50 
mm 
50 mm 
IV. DIELECTRIC THEORY APPLIED TO GEOMATERIALS 
AND RESULTING MODELS 
Using well-documented previous work in snow and 
corrosion under insulation studies as analogues and 
potential validation of the FMCW technique to identify 
features, results have been obtained through laboratory-
based experimental work in the novel application of the 
FMCW technique to geomaterial analysis. This work has 
focused on the differentiation of pore content in quartz-rich 
porous sandstone samples, with properties analogous to 
reservoir-grade rocks. The following sections will outline 
the theory, experimental technique, equipment and 
calculated values of relative permittivity from reflected 
microwave radiation in both the X and K-bands. 
 
A. SERIES AND PARALLEL LAYER MODELS 
 
The application of dielectric theory to geomaterial 
properties is not a new innovation, with layer models and 
mixing rules dating to the 1930’s. This section provides an 
overview of layer models and inclusion models for later 
application in this work.  
 
Voigt and Reuss’ concept [37] describes the simplest 
generalised forms (upper and lower limitations of 𝜀𝑟
∗) of a 
geomaterial consisting of n components, where each layer 
represents a specific rock constituent. A volume factor, Vi, 
gives the relative thickness of each layer. 
 
1) PARALLEL MODEL 
 
For parallel models, where the electric field is parallel to 
the boundary plane between geomaterial components: 
 
𝜀 
r,∥
∗ = ∑ 𝑉i ∙𝑛𝑖=1 𝜀r,i                                                              (9) 
 
𝜀 
r,∥
∗ = (1 − 𝜙)𝜀r,ma +  𝜙 ∙ 𝜀r,fl                                                                 (10) 
 
2) SERIES MODEL 
 
For series models, where the electric field is perpendicular 
to the boundary plane between geomaterial components: 
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𝜀
r,⊥
∗  = [∑ 𝑉i ∙𝑛𝑖=1 𝜀r,i 
−1]−1                                                 (11) 
 
𝜀
r,⊥
∗ = [(1 − 𝜙)𝜀𝑟,𝑚𝑎
−1 +  𝜙 ∙ 𝜀𝑟,𝑓𝑙
−1 ]
−1
                                 (12) 
 
In each case,  is the measured sample porosity, 𝑉i is the 
volume fraction and 𝜀r,i is the ith value of the relative 
permittivity. These equations represent the form of the 
upper and lower permissible limits for the dielectric 
strength of a porous rock, respectively 𝜀 
r,∥
∗  and 𝜀
r,⊥
∗  .  
 
The amalgamation of series and parallel models provides an 
arithmetic mean: the Voigt-Reuss-Hill average, equation 
(13).  
 
𝜀 r,H
∗ =  
𝜀 r,∥
∗  +𝜀r,⊥
∗
2
                                                               (13) 
 
The Lichtnecker and Rother generalisation [18] 
 
𝜀𝑟
∗ = [ ∑ 𝑉𝑖𝑖 (𝜀𝑟,𝑖
𝛼 )]
1
𝛼                                                          (14) 
 
The Lichtnecker and Rother generalisation (1931), equation 
(14) is an expression of combined individual equations, 
where 𝛼 can be considered a “texture parameter” and −1 <
𝛼 < 1. A 𝛼-value of -1 represents the series model and a 𝛼-
value of 1 represents the parallel model. For a fully 
saturated porous structure, this becomes: 
 
𝜀𝑟
∗ = [(1 − 𝜙)(𝜀𝑟,𝑚𝑎
𝛼 ) +  𝜙 ∙ (𝜀𝑟,𝑓𝑙
𝛼 )]
1
𝛼                             (15) 
 
3) COMPLEX REFRACTIVE INDEX METHOD 
 
Wyllie’s time average equation allows for the derivation of 
the complex refractive index method (CRIM) formula [18, 
38]. Wyllie’s equation can be described as the sum of EM 
signal travel times during propagation through both the host 
medium and the inclusions/fluids contained therein. The 
general expression in terms of inverse velocity (or 
slowness) is,  
 
1
𝑣
=
1
𝑣𝑣𝑎𝑐𝑢𝑢𝑚
∙ √𝜀𝑟∗                                                            (16) 
 
where, 
 
1
𝑣𝑣𝑎𝑐𝑢𝑢𝑚
=  
1
𝑐
= 3.36 ns m-1)                                            (17) 
 
thus,  
 
1
𝑣𝐶𝑅𝐼𝑀
=  (1 − 𝜙)
1
𝑣𝑚𝑎
+ 𝜙 ∙
1
𝑣𝑓𝑙
                                       (18) 
 
where  
1
𝑣𝑚𝑎
 is the matrix slowness and 
1
𝑣𝑓𝑙
 is the fluid 
slowness, leading to the calculation of the relative 
permittivity of a composite material, 
𝜀𝑟,𝐶𝑅𝐼𝑀
∗ =  ((1 − 𝜙)√𝜀𝑟,𝑚𝑎 + 𝜙 ∙ √𝜀𝑟,𝑓𝑙)
2
                     (19) 
 
or, more generally, 
𝜀𝑟,𝐶𝑅𝐼𝑀
∗ =  [∑ 𝑉𝑖 ∙ 𝜀𝑟,𝑖
−
1
2𝑛
𝑖=1 ]
2
                                               (20) 
 
It can be seen that the generalised CRIM equation (20) is 
identical to the Lichtnecker and Rother equation (14) with a 
𝛼 value of 0.5. 
 
Thus, for a simplified, partially fluid-saturated and uniform, 
porous sandstone,  
 
𝜀𝑟,𝑠𝑎
∗ = [(1 − 𝜙T√𝜀𝑟,𝑚𝑎∗ ) + (𝜙f√𝜀𝑟,𝑓𝑙
∗ + 𝜙a√𝜀𝑟,𝑎𝑖𝑟
∗ )] 2   (21) 
 
where 𝜀𝑟,𝑠𝑎
∗  is the observed relative permittivity of the 
investigated sample, T is the total measured sample 
porosity, f is the fractional porosity occupied by fluid 
(determined by measured differences in sample mass 
following fluid immersion), a is the fractional porosity 
occupied by air, 𝜀𝑟,𝑓𝑙 is the relative permittivity of a single 
phase pore fluid, 𝜀𝑟,𝑎𝑖𝑟  is the relative permittivity of the 
volumetric air content and 𝜀𝑟,𝑚𝑎 is the relative permittivity 
of the geomaterial matrix [39]. This is an idealised situation 
and is unrepresentative of the impurities to be found in 
typical sandstones. Therefore (21) should also account for 
observed mineral types within the samples under 
investigation. In the case of all sandstone samples tested in 
this study, this would include mica, clays and feldspars but 
many other minerals are also likely to be present in typical 
sandstones, such as pyroxenes, different forms of iron 
oxides and hydroxides and sulphides [40]. In principle, 
detailed knowledge of the geomaterial characteristics would 
lead to the ability to model the response, which could be 
compared against measurements.  
 
While models that account for sphericity and angularity of 
grains contained within a sandstone sample and their effect 
on reflected radiation exist, this paper will not describe 
these models in depth. However, the apparent bulk 
measurement of a sample will contain an indication of the 
mean sphericity of that sample, with a planar-sided clast 
represented by the Series Model (11) and (12) and an 
entirely spherical arrangement of clasts represented by the 
Voigt-Reuss-Hill mean (13), as discussed in section IV/A/2. 
Both of these arrangements are unrealistic in nature but 
represent two idealised modelling extremes that offer 
insight into the variations in return signal imposed by the 
shape of both rock matrix and mineral inclusions [18]. 
Qualitatively, the mean sphericity of a sample can be 
inferred from the magnitude of the reflection coefficient, , 
if all other factors are known.   
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V. EQUIPMENT AND SAMPLE CHARACTERISATION  
In order to ensure data confidence and consistency, the 
antenna radiation pattern and geomaterial sample 
mineralogy require calibration and quantification. The 
apparatus used to analyse the antenna characteristics was an 
azimuth/elevation dual translation stage coupled to NSI 
2000 antenna measurement software (version 4.12.45). 
 
A. ANTENNA CHARACTERISATION  
In order to inform an appropriate geomaterial response for 
this antenna setup, the radiation output was determined as a 
function of bandwidth sweep. To meet this requirement, 
three scans were performed using a two-dimensional 
translation stage coupled to an OEWG (open-ended 
waveguide) standard probe, type WR42, for the K-band (18-
26.5 GHz) and using a non-radiative near-field separation 
distance between the probe and the antenna under test 
(AUT) of 100 mm. Data sets were acquired representing the 
1500 MHz bandwidth sweep for the frequency band. Figure 
1 shows the radiation pattern acquired for a Flann K-band 
antenna (model: #21240-20/serial: #219405) and acts as a 
control measurement for both amplitude and phase.  
 
B. GEOMATERIAL CHARACTERISATION 
Acquired from Stancliffe Stones of Alfreton, UK, four 
sandstone samples (100 mm x 100 mm x 12 mm) were 
tested, with sample size informed by parameters determined 
by antenna characterisation techniques, specifically the 
peak spot size on the sample. The samples are: Darney, 
Lazonby, Locharbriggs and Red St. Bees sandstones. These 
samples were chosen for their well-documented properties 
and to represent a varying range of mineralogical and 
textural complexities (e.g. homogenous vs. layered). Each 
sandstone sample possesses approximately uniformly 
distributed bulk mineralogy and also contains discernable 
differences in grain orientation, distribution and in the 
sample porosity and pore space characteristics, offering a 
unique and repeatable return intermediate frequency (IF) 
waveform. Petrographic descriptions of these samples are 
given in Section V/B/1. 
 
1) ENERGY DISPERSIVE X-RAY ANALYSIS AND 
GSE/BSE IMAGING  
 
An important factor in the return signal used to derive 
relative permittivity values is the presence of metallic (or 
highly conductive) mineral compounds within the 
sandstone sample. In order to define individual rock 
characteristics that may subsequently affect relative 
permittivity measurements, energy-dispersive X-ray (EDX) 
combined with backscatter electron (BSE) and gaseous 
secondary electron imaging were performed on each 
sandstone sample. These analytical techniques provide both 
a chemical fingerprint and a high definition image of rock 
grain/matrix constituents within a two-millimetre field of  
 
Figure 1 Radiation pattern for K-Band Flann Microwave 
antenna model 21240-20 
view, as performed on polished thin sections for each 
sample. These techniques allow for the quantification of the 
elements present within the samples and are presented as a 
function of elemental atomic weight percentages (table 2) 
Data was acquired using a Quanta650 field emission gun 
(FEG) scanning electron microscope (SEM) with Oxford 
Instruments EDX detector. EDX data were further 
developed using the Oxford Instruments AZtec Software 
package (version 3.3). Sample characterisation images for 
Darney, Lazonby, Locharbriggs and Red St. Bees 
sandstones are presented in figures 2-4. EDX mapped 
potassium, sodium, calcium and aluminium, in addition to 
the relative intensities within the sample, occupy the 
volumes containing feldspar and clays; orthoclase feldspar 
(KSiAl3O8) and plagioclase feldspar end members albite 
(NaSiAl3O8) and anorthite (CaSi2Al2O8) and aluminium 
silicate clays (Al,Si)3O4 [40]. 
a) Darney Sandstone  
Analysis of the Darney sandstone shows that it consists 
predominantly of moderately well-sorted, spheroidal, sub-
rounded to rounded quartz (SiO2) grains with a fine to 
medium grain size (125 – 350 m) [41], with subsidiary 
orthoclase feldspar and clay (kaolinite) and a porosity of 
18.7% [42]. Figure 2A is a composite false colour image 
overlaying the relative magnitudes of characteristic x-rays 
for each element recorded. Each detected element is 
represented by assigned colours, with dark regions 
representing pore spaces. The orthoclase feldspar can be 
identifed as distinct, angular and often fractured grains, rich 
in aluminium and potassium. This sample is relatively free 
of high permittivity metallic inclusions that would affect 
the apparent dielectric strength, however figure 2A 
illustrates the presence of iron within some kaolinite-filled 
pores. Figure 3A, a BSE image measuring material 
greyscale contrast due to atomic number, shows variablility 
in grainsize (note magnification is uniform throughout 
figures 2 and 3), porosity, feldspar content and iron-rich 
particles. Figure 4A shows the high definition GSE image 
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of the sample and highlights grain-supported rock fabric 
with some quartz overgrowth observed. 
b) Lazonby Sandstone  
Characterisation of the Lazonby sandstone (composite 
image in figure 2B) shows that this sample contains 
predominantly quartz and orthoclase feldspar with some 
clays, in much the same proportions as the Darney 
sandstone. However the iron content, while similar in 
magnitude to the Darney sandstone (table 2), is more 
dispersed throughout the sample. Dominated by grain-
supported, fine to medium-sized spheroidal, sub-
rounded/rounded grains and well-sorted quartz clasts, 
ranging between 200-500 m (figure 3B), the observed 
porosity at 11.6% is significantly lower than the other 
samples analysed for this study [43]. This porosity 
reduction can be attributed to significant syntaxial quartz 
overgrowth, clearly visible in figure 4B.  
c) Locharbriggs Sandstone  
Consisting of well-sorted, very fine to fine (100 – 250 m), 
sub-rounded to rounded grains (figure 2C) and a porosity of 
26% [44], the Locharbriggs sandstone contains grains of 
angular orthoclase feldspar, as determined by the co-
occurance of aluminium and potassium, corroborated by the 
BSE analysis shown in figure 3C. Figure 2C also shows a 
marginal iron content within some pore-filling clays. The 
GSE image shown in figure 4C illustrates the grain-
supported nature of the rock fabric, the crystalline structure 
of the feldspar overgrowths due to visible cleavage, with 
little evidence of quartz overgrowth or porosity reduction.  
d) Red St. Bees Sandstone 
The Red St. Bees sandstone sample (figure 2D) displays a 
larger variety of constituent minerals when compared to the 
other samples within this study. With sub-angular to sub-
rounded, very-fine to fine sized grains (50 – 200 m) and a 
porosity of 21.3% [45], this sample has a notably diverse 
mineralogy and contains the highest levels of metallic 
elements of all the samples characterised, specifically for 
potassium, calcium, sodium and aluminium (confirming the 
presence of both orthoclase and plagioclase feldpsars in 
addition to abundant clays). Also visible within figure 2D is 
the presence of mica, calcium phosphate and dolomite. 
Iron, magnesium and titanium are also present in 
measurable quantities (table 2). Figure 3D, a high definition 
BSE image, illustrates the highly angular quartz clasts, 
feldspar grains with feldspar overgrowths and pore-filling 
clays. Some feldspar overgrowths are also clearly visible in 
figure 4D in addition to the formation of secondary porosity 
due to identification of feldspar weathering or “rotten 
feldspar”. 
 
 
 
  
Figure 2 Energy dispersive x-ray (EDX) analysis images 
showing colour-coded presence of potassium, aluminium, 
sodium, iron, silicon and calcium, where present 
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Figure 3 Backscattered electron (BSE) images. A= Darney 
sandstone, B= Lazonby sandstone, C= Locharbriggs 
sandstone and D= Red St. Bees sandstone. Key:  p = pore, q = 
quartz, f = feldspar, fo = feldspar overgrowth, c = clay, * = iron-
rich particles 
 
Figure 4 Gaseous secondary electron (GSE) images. A= 
Darney sandstone, B= Lazonby sandstone, C= Locharbriggs 
sandstone and D= Red St. Bees sandstone. Key:  p = pore, q = 
quartz, qo = quartz overgrowth, f = feldspar, rf = rotten 
feldspar, fo = feldspar overgrowth, c = clay, m = mica 
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TABLE 2 ELEMENTAL CONSTITUENT PERCENTAGES ACQUIRED BY EDX 
ANALYSIS AND EXPRESSED IN ATOMIC WEIGHTS FOR EACH SANDSTONE THIN 
SECTION  
% Darney Lazonby Locharbriggs 
Red St. 
Bees 
Carbon 43.9 43.2 46.7 42.6 
Oxygen 42.4 41.9 40.4 42.5 
Silicon 12.9 13.8 11.6 12.2 
Aluminium 0.7 0.6 0.8 1.3 
Potassium 0.1 0.4 0.3 0.5 
Iron <0.1 <0.1 0.1 0.2 
Magnesium <0.1 <0.1 0.1 0.2 
Calcium <0.1 <0.1 <0.1 0.1 
Sodium <0.1 <0.1 <0.1 0.2 
Titanium  <0.1 <0.1 <0.1 ~0.1 
TABLE 3 PARTIAL WATER SATURATION VALUES EXPRESSED AS A 
PERCENTAGE OF OCCUPIED PORE SPACE FOR DARNEY, LAZONBY, 
LOCHARBRIGGS AND RED ST. BEES SANDSTONES FOLLOWING ROOM DRY 
AND PARTIALLY-SATURATED MASS MEASUREMENTS. SOAK TIME OF 96 
HOURS 
Sample 
Porosity volume occupied by deionised 
water (%) 
Darney 56.76 
Lazonby 58.67 
Locharbriggs 59.64 
Red St. Bees 56.23 
 
 
Figure 5 Block diagram of experimental setup 
 
C. EXPERIMENTAL SETUP AND PROCEDURE 
 
Illustrated in figure 5, the experimental setup and procedure 
can be divided into 6 main stages:  
 
a) The apparatus used to create the FMCW signal was a 
Hewlett-Packard/Keysight 8510 Vector Network Analyser. 
Each FMCW waveform generated had a bandwidth of 1500 
MHz, from 24 – 25.5 GHz, with a chirp duration of 300 
milliseconds.  
 
b) Flann Microwave model 21240-20 standard gain horn 
antenna with manufacturer serial number 219405, capable 
of radiation output ranging 17.6 - 26.7 GHz and with a 
nominal gain of 20 dBi (at 22.15 GHz), as characterised in 
section V/A. This antenna was affixed to a static mounting 
and directed onto the sandstone samples maintaining a 
separation distance of 100 millimetres.  
 
c) Sandstone samples of Darney, Lazonby, Locharbriggs 
and Red St. Bees both room-dry and partially saturated 
(Table 3) were selected. The four sandstone samples were 
weighed prior to immersion in deionised water for 96 
hours. Following extraction from the deionised water, each 
sample was briefly placed on absorbent paper to remove 
excess fluid from the sample surface/interface. The samples 
were again weighed to determine the mass of fluid uptake,  
from which the magnitude of the water saturation was 
determined prior to alignment in front of the sensor. Note 
this technique will not achieve 100% water saturation 
 
d) Graphical User Interface via Matlab 2017a 
 
e) Summation of reference signal to return signal 
waveforms to generate intermediate frequency (IF)  
 
f) Application of data analytical processes to interrogate 
sample acquisition data into frequency domain. This is 
achieved by application of a Fourier transform, from which 
amplitude and phase extractions are performed. Data was 
taken from the same scanning position, corresponding to the 
amplitude peak of the central lobe of radiation output from 
the relevant band antenna, in this case 100 mm from the 
antenna aperture. Calculation of the reflection coefficient 
was taken via the ratio of the radiation intensity peak, 
Iincident, measured for the control sample (copper sheet acting 
in the role of an ideal reflector) and the radiation return 
signal, Ireflected, acquired by the K-band antenna [46]. Thus, 
 
 𝛤 =
Ireflected
Iincident
=  
(n1− n2)2
(n1+ n2)2
                                                   (22) 
 
Solving equation (22) for 𝑛2 gives the average refractive 
index of the sandstone sample as the propagating wave 
transits from the free-space medium with refractive index 
𝑛1. 
VI. RESULTS 
Return signal waveforms are given in Figures 6 and 7 for 
Darney Sandstone, figures 8 and 9 for the Lazonby 
Sandstone, figures 10 and 11 for the Locharbriggs 
sandstone and figures 12 and 13 giving the return 
waveforms for the Red St. Bees sandstone. All figures 
listed above are presented in the frequency domain. The 
acquired values for K-band refractive index and overall 
relative permittivities for room-dry and partially saturated 
samples are shown in Tables 4 and 5 respectively and are 
expressed as the derived rock relative permittivity from the 
CRIM equation (21) rearranged for 𝜀𝑟,𝑚𝑎
∗  to give,  
 
𝜀𝑟,𝑚𝑎
∗ =  [
1− [√𝜀𝑟,𝑠𝑎
∗ −  (𝜙f√𝜀𝑟,𝑓𝑙
∗ +𝜙a√𝜀𝑟,𝑎𝑖𝑟
∗ )]
𝜙T
]
2
                        (23) 
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FIGURE 6 Return signal amplitudes, extracted via Fourier 
transform, for room-dry and partially water saturated Darney 
sandstone with copper sheet acting as an ideal reflector 
 
 
FIGURE 7 Return signal amplitudes for room-dry and partially 
water saturated Darney sandstone, with copper sheet acting as 
an ideal reflector, and with data medians indicated over a 100 
MHz sample size (between 600-700 MHz bandwidth sweep, see 
Figure 6 
 
FIGURE 8 Return signal amplitudes, extracted via Fourier 
transform, for room-dry and partially water saturated Lazonby 
sandstone with copper sheet acting as an ideal reflector 
 
 
FIGURE 9 Return signal amplitudes for room-dry and partially 
water saturated Lazonby sandstone, with copper sheet acting 
as an ideal reflector, and with data medians indicated over a 
100 MHz sample size (between 600-700 MHz bandwidth sweep, 
see Figure 8) 
 
FIGURE 10 Return signal amplitudes, extracted via Fourier 
transform, for room-dry and partially water saturated 
Locharbriggs sandstone with copper sheet acting as an ideal 
reflector 
 
FIGURE 11 Return signal amplitudes for room-dry and partially 
water saturated Locharbriggs sandstone, with copper sheet 
acting as an ideal reflector, and with data medians indicated 
over a 100 MHz sample size (between 600-700 MHz bandwidth 
sweep, see Figure 10) 
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FIGURE 12 Return signal amplitudes, extracted via Fourier 
transform, for room-dry and partially water saturated Red St. 
Bees sandstone with copper sheet acting as an ideal reflector 
 
FIGURE 13 Return signal amplitudes for room-dry and partially 
water saturated Red St. Bees sandstone, with copper sheet 
acting as an ideal reflector, and with data medians indicated 
over a 100 MHz sample size (between 600-700 MHz bandwidth 
sweep, see Figure 12) 
 
Figure 14 Measured room-dry data vs. layering models. 𝜺𝒓,𝒎𝒂= 9 
and 𝜺𝒓,𝒇𝒍= 1 
A. APPLICATION OF LAYERING MODELS 
The mathematical descriptions used so far for this work 
have focused on homogeneous/isotropic materials. This is 
unrealistic and not representative of the constituent  
 
FIGURE 15 Measured deionised water saturation data vs. 
layering models. 𝜺𝒓,𝒎𝒂= 9 and 𝜺𝒓,𝒇𝒍= 80 
TABLE 4 DATA ACQUIRED FROM K-BAND MEASUREMENT OF ROOM-DRY 
SANDSTONE SAMPLES AND CALCULATED VALUES FOR REFLECTION 
COEFFICIENT, REFRACTIVE INDEX, RELATIVE PERMITTIVITY AND COMPLEX 
REFRACTIVE INDEX METHOD 
Symbol Darney Lazonby Locharbriggs Red St. Bees 
 0.20 0.17 0.18 0.18 
2 2.6 2.4 2.5 2.5 
𝜀𝑟
∗ 6.76 5.76 6.25 6.25 
 0.187 0.12 0.26 0.213 
CRIM 
(23) 
2.97 2.59 3.03 2.91 
TABLE 5 DATA ACQUIRED FROM K-BAND MEASUREMENT OF PARTIALLY 
SATURATED SANDSTONE SAMPLES AND CALCULATED VALUES FOR 
REFLECTION COEFFICIENT, REFRACTIVE INDEX, RELATIVE PERMITTIVITY AND 
COMPLEX REFRACTIVE INDEX METHOD 
Symbol Darney Lazonby Locharbriggs Red St. Bees 
 0.32 0.56 0.35 0.52 
2 3.6 6.95 3.9 6.20 
𝜀𝑟
∗ 12.96 48.30 15.21 38.44 
 0.187 0.12 0.26 0.213 
CRIM 
(23) 
5.63 8.56 7.00 9.37 
 
properties of most rocks, as many rocks are porous, their 
mineralogy is variable and they tend to be layered. 
Therefore the overall model highlights the need to perform 
in-depth microwave propagation modelling through 
porous/saturated media. Application of the CRIM for the 
averaged nature of the observed refractive index of both the 
air-filled pore spaces within the samples and the rock grain-
cement system under investigation offers a correlation 
between return signal from a dry or partially saturated 
sample with respect to the dielectric strength of the 
geomaterials present. 
VII. DISCUSSION  
From previous studies [15, 16], the following effects were 
expected and were observed: 
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 Same response for Cu sheet for each FMCW 
acquisition 
 Consistent and repeatable results (each acquisition 
repeated ten times with each acquisition 
confirming consistency of results).  
 Presence of fluid increases 𝜀𝑟,𝑠𝑎
∗  as a function of 𝜙T 
and saturation percentage due to increased 
reflection coefficient,  
 𝜙T affects 𝜀𝑟,𝑠𝑎
∗  in room-dry samples 
 High metallic inclusion content correlates to high 
𝜀𝑟,𝑠𝑎
∗  
 Presence of quartz overgrowth potentially 
correlates to high 𝜀𝑟,𝑠𝑎
∗  due to planar grain 
boundaries increasing reflection coefficient,  
 
Using values of relative permittivity, r, as stated in 
literature for the physical properties of geomaterials, with 
pure quartz stated to have a relative permittivity of 4.5 – 4.7 
(see table 6) [18, 47], analysis of the data suggests that, 
taking into account the impurities contained within the 
sandstone samples (i.e. not pure quartz with quartz 
overgrowths but a composite of quartz, mica, feldspar, 
other conductive minerals and mineral cements, normally 
quartz and calcite (CaCO3)), the measured relative 
permittivity values for all samples lie within an appropriate 
range, with differences attributable to variations in sample 
mineralogy. Note that the data presented within table 6 was 
acquired at an investigation frequency of 1 GHz [18, 47]. 
The use of these relative permittivity values in this work is 
taken as a general indication of the qualitative differences 
in expected values.  
 
The mineral composition of the sandstone samples, 
acquired via EDX analysis, show a correlation between the 
presence of high conductivity mineral inclusions and a high 
complex relative permittivity measurement within the 
Lazonby and Red St. Bees sandstones. The low porosity 
value together with the presence of aluminium and 
potassium within the feldspar and clay content of the 
Lazonby sandstone infers a higher concentration of 
conductive inclusions per unit volume. The relative 
abundance of high permittivity metallic contents of the Red 
St. Bees sandstone, iron and magnesium in addition to the 
aluminium and potassium within the feldspars and clays, 
result in a high measured complex relative permittivity that 
exceeds the limits imposed by the CRIM model. The 
“cleaner” composition of the Darney and Locharbriggs 
sandstones is verified by the correlation of these samples to 
the layering and averaging models discussed in section IV, 
which do not account for the presence of highly conductive 
mineral inclusions or clastic angularity.  
 
Using the layering models to extrapolate the relative 
permittivity of the geomaterial without porosity gives a 
value of 𝜀𝑟,𝑚𝑎
∗  of approximately 9, shown in figure 14. The 
partially water saturated measurement for relative 
permittivity of the Lazonby and Red St. Bees sandstones,  
TABLE 6 REPRESENTATIVE RELATIVE PERMITTIVITY VALUES FOR 
COMMON GEOMATERIALS AT APPROXIMATELY 1 GHZ 
 
Substance 𝜺𝒓
∗ (@ ~1 GHz) 
Quartz 4.5-4.7 
Dry Sand 4 
Water-saturated Sand 25 
Calcite 6.4-8.5 
Gas 1 
Water 80 
Natural Oil 2.0-2.4 
Quartz 4.5-4.7 
 
figure 15, lie above the upper limit as postulated by the 
layering models. This could be attributed to the presence of 
a conductive fluid within the samples when saturated and 
the consequent presence of a greater variety of conductive 
pathways, when compared to the insulating effect of air-
filled pore spaces. It is also notable that the distribution of 
constituent materials within each sample plays a larger role 
in the more heterogeneous/anisotropic samples than in the 
more uniform and isotropic samples composed almost 
purely of quartz. However, the calculated CRIM values for 
all sample sandstones are in acceptable agreement for each 
saturation phase of the experiment and offer potential 
validation of this free-space and non-invasive sensing 
method.  
 
This research has reported on preliminary findings using a 
unique, free-space method of relative permittivity 
measurement in the K-Band. The application of layering 
models and correlation between these models and observed 
values for 𝜀𝑟
∗ can be utilised to infer the following:  
 
This method allows for the identification of magnitude of 
water saturation present in a sample, as a static 
measurement, via an expansion of the CRIM equation (21), 
if bulk porosity and mineral composition (i.e. quartz grains 
and cement) are known factors.  
 
It is extremely difficult to get any porous sample 100% 
water saturated even if it is water wet. If a sample could be 
100% water saturated, this method can infer the sample 
mineralogy in terms of percentage of quartz, mica and 
feldspar, provided relative permittivity values for the 
feldspar groups and clays can be accurately obtained for the 
K-Band, representing, again, a static measurement. 
 
For dynamic measurement, for a “100% quartz” rock, with 
a known porosity and good pore connectivity, water 
introduced to a room-dry sample under pressure, free space 
measurement of 𝜀𝑟
∗ will allow for the tracking of the 
resulting flood front of the saturating liquid as a function of 
time. As the water enters the field of view of the antenna, it 
will be possible to measure a distinct change in the FMCW 
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return signal, typically a phase shift to the right of the "dry" 
signal and an increase in return signal amplitude. However, 
this measurement will occur as a bulk measurement, 
representing an average of the relative permittivity within 
the field of view of the antenna, necessitating a low 
antenna/sample separation distance (and/or dielectric 
lensing to prevent divergence of the microwave radiation). 
VIII . CONCLUSION 
The seminal results within this paper demonstrate the 
performance of FMCW inspection and analysis as a means 
of identifying pore space occupancies within partially 
saturated sandstones as well as identification of geomaterial 
properties based on porosity and composition. The presence 
of deionised water within the sandstone samples is clearly 
discernable within the calculated values for relative 
permittivity for each sample, the most extreme being the 
Lazonby sandstone sample with a bench-top dry relative 
permittivity of 5.76 and a partially water-saturated (58.67% 
of porosity volume) relative permittivity of 48.3. These 
values are in approximate agreement with theoretical values 
for relative permittivity for dry and partially saturated 
sandstones. The application of the complex refractive index 
method provides values of calculated sandstone relative 
permittivities, for dry and partially saturated specimens. 
Experimental verification of the analysis was supported by 
measurements using EDX, BSE and GSE methods. Future 
work will focus on dynamic real-time analysis of 
geomaterials, wherein we will aim to exploit the benefits of 
a non-contact and non-destructive means of tracking pore 
occupancies, porosity changes and high permittivity 
mineral presence. Successful validation of FMCW analysis 
under dynamic loading conditions would be a significant 
advance for the geoscientist and geomechanicist that can 
augment and validate current tomographic methods that 
require samples to be analysed in high radiation 
environments using static and expensive equipment of 
extremely limited availability. The application of FMCW in 
this role offers a means to contribute to the refinement of 
geomechanical modelling techniques currently employed 
by research groups dedicated to the understanding of 
fluid/pore network interactions and the effect these 
parameters have on rock deformation and fluid flow. The 
sensitivity of this sensing modality, and its non-contact and 
non-destructive properties, have the potential to provide 
near to real-time analysis of geomaterials under varying test 
conditions and to inform the creation of more accurate 
geomechanical modelling. Even a 1% enhancement of 
modelling accuracy has significant impact potential for the 
field of carbon capture and reservoir management. This 
research brings a distinct contribution to the flourishing 
research interest in creating more accurate digital-rock 
representations. Unlike prior works that seek to explore 
micro-porosities via microfluidics, our measurements are 
from real 3D samples with highly sensitive analysis 
revealing key micro characteristics of the geomaterial. 
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